Atrial fibrillation (AF) is the most frequently encountered sustained clinical arrhythmia and is associated with significant morbidity and mortality. The efficacy and/or safety of currently available anti-AF drugs is less than optimal. Amiodarone remains the best available anti-AF agent for the long-term maintenance of sinus rhythm. Long-term use of amiodarone, however, is often associated with extracardiac toxicity. Dronedarone, a noniodinated derivative of amiodarone, has a better safety profile, although its anti-AF efficacy in the clinic is inferior to that of amiodarone (1) . After numerous large clinical trials (2) (3) (4) (5) , the U.S. Food and Drug Administration approved dronedarone for the management of patients with AF without severe heart failure.
In experimental studies involving canine isolated atria, separate application of ranolazine and long-term amiodarone has been shown to exert atrial-selective depression of sodium channel current (I Na )-dependent parameters and to effectively suppress AF (6 -10) . The combination of longterm amiodarone and acute ranolazine (5 mol/l) caused marked atrial-selective depression of I Na -dependent parameters and was very effective in suppressing AF (11) . Because physicians are reticent to use amiodarone because of its adverse effects, we sought to determine whether a similar synergism exists between ranolazine and dronedarone. The present study was designed to test the hypothesis that a combination of acute dronedarone and a low concentration of ranolazine acts synergistically to cause potent atrial-selective electrophysiological actions that lead to the effective suppression and prevention of atrial arrhythmias.
Methods
Experiments were performed using isolated coronaryperfused canine right atrial (RA) and left ventricular (LV) preparations as well as superfused pulmonary vein (PV) sleeve preparations. Transmembrane action potential (AP) recordings were obtained using standard or floating glass microelectrodes. A pseudo-electrocardiogram was recorded using 2 electrodes consisting of silver/silver chloride half cells placed in the Tyrode's solution bathing the preparation, 1.0 to 1.2 cm from the 2 opposite sides of the atrial or ventricular coronary-perfused preparations. The diastolic threshold of excitation (DTE) was determined by increasing stimulus intensity in 0.01-mA steps. The effective refractory period (ERP) was measured by delivering premature stimuli after every 10th regular beat at a pacing cycle length (CL) of 500 ms (with 10-ms resolution; stimulation with a 2 ϫ DTE amplitude, determined at each CL). Post-repolarization refractoriness (PRR) was recognized when ERP exceeded AP duration (APD) measured at 90% repolarization in the ventricles and APD measured at 70% repolarization in the atria. Note that ventricular ERP coincided with APD measured at 90% repolarization, whereas atrial ERP generally coincided with APD measured at 70% to 75% repolarization. The anti-AF efficacy of dronedarone and ranolazine separately as well as in combination was tested in an acetylcholine (ACh)-mediated model of persistent AF. Persistent ACh-induced AF was inducible in 100% of canine coronary-perfused RA preparations.
Detailed methods, experimental protocols, and statistical approaches are included in the online supplement.
Results

Electrophysiological effects of ranolazine and dronedarone.
Ranolazine (5 mol/l) and dronedarone (10 mol/l) alone as well as combined caused little or no change in APD in either RA or LV coronary-perfused preparations (Figs. 1A and 1B ). When applied separately, both ranolazine (5 mol/l) and dronedarone (10 mol/l) prolonged the ERP more than APD measured at 70% repolarization in the atria, thus leading to the development of PRR (Fig. 1B) . The extent of the atrial PRR was greater after ranolazine than dronedarone. Ventricular ERP was not altered by either ranolazine or dronedarone at the concentrations tested. The combination of dronedarone and ranolazine caused a significant synergistic prolongation of ERP in the atria but did not change ERP in ventricles, thus resulting in a marked atrial-specific PRR (Fig. 1B) .
At a pacing CL of 500 ms, the maximal rate of rise of the action potential upstroke (V max ) was reduced by ranolazine (5 mol/l) and by dronedarone (10 mol/l) in RA but not in LV preparations (Fig. 2) . At this pacing rate, the combination of these agents led to a reduction of V max in both atria and ventricles but predominantly in the former (27 Ϯ 11% vs. 12 Ϯ 28% decrease, respectively). In the atria, acceleration of pacing rate from a CL of 500 to 300 ms caused a much greater depression of V max when dronedarone and ranolazine were combined than when each of these agents was applied alone (Fig. 2) . In the ventricles, a similar acceleration of pacing rate led to only a modest reduction in V max under all conditions tested.
In PV sleeves, a change of rate from a CL of 5,000 ms to a CL of 300 ms caused a 13 Ϯ 3% reduction in V max under control conditions and 19 Ϯ 4%, 20 Ϯ 3%, and 50 Ϯ 9% reductions after ranolazine (5 mol/l), dronedarone (10 mol/l), and dronedarone plus ranolazine, respectively (Fig. 3) .
The shortest S 1 to S 1 interval permitting 1:1 activation was increased by ranolazine in RA preparations preferentially, but not by dronedarone in either RA or LV preparations (Fig. 4A) . When dronedarone and ranolazine were combined, the shortest S 1 to S 1 interval was significantly increased in all preparations, but the change was many times greater in atrial (RA and PV sleeves) than in ventricular preparations. The DTE was not significantly affected by either ranolazine (5 mol/l) or dronedarone (10 mol/l) in either atrial or ventricular preparations (Fig. 4B) . However, when these drugs were combined, the DTE was increased significantly in RA and PV sleeves, but not in LV preparations. Antiarrhythmic effects in coronary-perfused atria and superfused PV sleeves. Persistent AF was induced in 100% of coronary-perfused atrial preparations in the presence of 1 mol/l ACh (6). Dronedarone (10 mol/l) and a low concentration of ranolazine (5 mol/l) were poorly effective in preventing the induction of persistent AChmediated AF and in terminating persistent AF when administered separately (Fig. 5, Tables 1 and 2 ). However, when dronedarone (10 mol/l) and ranolazine (5 mol/l) were combined, the success rate for preventing the induction of persistent AF was dramatically augmented to 90% (9 of 10 atrial preparations) ( Table 1 ). The drug combination terminated persistent AF in 6 of 10 atria (Table 2) and Combination of Ranolazine and Dronedarone for AF prevented the reinduction of AF in 100% of preparations (6 of 6). Persistent atrial flutter or tachycardia (with a CL Ն160 ms) could be induced by rapid pacing and/or programmed electrical stimulation in 2 of the 6 preparations. Delayed afterdepolarization (DAD)-induced triggered activity induced in PV sleeves was reduced by ranolazine 5 mol/l and dronedarone 10 mol/l and abolished when the drugs were combined (6 of 6) (Fig. 6) .
Discussion
Our data demonstrate a potent atrial-selective effect of the combination of dronedarone (10 mol/l) and ranolazine (5 mol/l) to depress sodium channel-dependent parameters and to suppress AF and triggered activity in experimental models of AF. When dronedarone (10 mol/l) or ranolazine (5 mol/l) was used alone, the observed electrophysiological changes in both atria and ventricles were either small or absent, and the anti-AF efficacy of the drug was poor (Ͻ30%). Considering the relatively good safety profiles of both agents, our results suggest that the striking synergistic atrial-selective action of ranolazine and dronedarone may offer a unique combination therapy for AF that is both safe and effective.
Electrophysiology and antiarrhythmic efficacy of dronedarone.
Acute dronedarone has been reported to produce variable but a generally small or no effect to alter APD (12) (13) (14) (15) (16) . In rabbit superfused cardiac preparations, acute dronedarone abbreviated APD in both atria and ventricles (14, 15) . APD was not altered in superfused ventricular preparations isolated from canine and guinea pig hearts at concentrations of dronedarone up to 10 mol/l (12,13). Thus, our data on the acute effect of dronedarone on APD are generally consistent with those reported previously.
Ventricular and atrial ERP have been reported to be prolonged to a similar extent after acute dronedarone in dogs in vivo (17) . In our present in vitro investigation, dronedarone prolonged both atrial and ventricular ERP, with preferential lengthening in the atria (9% and 4%, respectively). ERP prolongation by dronedarone and ranolazine in the ventricles was associated with a comparable prolongation of APD measured at 90% repolarization (Fig. 1) . In contrast, the increase of ERP in the atria greatly exceeded the increase in APD measured at 70% repolarization, because of the development of marked PRR.
Acute dronedarone (10 mol/l) has been reported to produce no changes or a relatively small reduction in AP V max in both atrial and ventricular rabbit superfused preparations as well as in canine and guinea pig ventricular and 1218 
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Purkinje fiber superfused preparations (12, 13, 15) . Even at rapid pacing rates (a CL of 125 ms), dronedarone 10 mol/l reduced the AP V max by only 16% in superfused rabbit atrial preparations (15) . Thus, our data showing a modest effect of acute dronedarone on AP V max are consistent with those previously reported. Interestingly, although several clinical investigations have reported on the anti-AF efficacy of dronedarone for the long-term maintenance of sinus rhythm (2,3), we could not find a full-length report evaluating the efficacy of dronedarone against AF in any experimental model (acutely or long term). We are also not aware of any clinical study testing the anti-AF effect of acute dronedarone. Thus, we are unable to compare our results of the relatively weak actions of acute dronedarone to suppress AF with any previous preclinical or clinical study.
Available clinical data indicate that the long-term efficacy of dronedarone for the maintenance of sinus rhythm in AF patients is inferior to that of amiodarone (1) . In the DIONYSOS (Efficacy and Safety of Dronedarone Versus Amiodarone for the Maintenance of Sinus Rhythm in Patients With Atrial Fibrillation) trial, a direct comparison between amiodarone and dronedarone showed that the rate of recurrence of AF was 63% with dronedarone and 42%
with amiodarone (at 6-month follow-up). In the combined EURIDIS (European Trial in Atrial Fibrillation or Flutter Patients Receiving Dronedarone for the Maintenance of Sinus Rhythm) and ADONIS (American-Australasian Trial With Dronedarone in Atrial Fibrillation or Flutter Patients for the Maintenance of Sinus Rhythm), AF recurrence occurred in 64% of patients treated with dronedarone compared with 75% patients taking placebo at 1-year follow-up (3). The rate of conversion of persistent AF with dronedarone ranged from 5.8% to 14.8% (800 to 1,600 mg/day) versus 3.1% in the placebo arm, as determined on the fifth to seventh days after the start of drug treatment (2). The relatively weak actions of acute dronedarone to suppress AF in the present study are consistent with the modest effects of the drug on AF in the clinic. Electrophysiology and antiarrhythmic efficacy of ranolazine. We have previously reported that ranolazine 5 mol/l causes moderate electrophysiological effects in canine atrial preparations, with little to no effect in ventricular preparations (6, 18) . This concentration of ranolazine is well within the therapeutic range of the drug (2 to 10 mol/l). Ranolazine has also been shown to cause predominant atrial prolongation of ERP in anesthetized closed-chest pigs (10) . The anti-AF efficacy of ranolazine 5 mol/l was not tested in the ACh-mediated AF model in our previous studies. Higher concentrations of ranolazine (10 mol/l), at the upper end of the therapeutic range, were shown to exert potent anti-AF effects in experimental models of vagally mediated AF in canine atria in vitro (10 mol/l) (6) and porcine atria in vivo (about 9 mol/l plasma concentration) (10) models. In an ischemia-reperfusion-isoproterenol model of AF, ranolazine 5 mol/l was observed to prevent the induction of AF in 60% of atrial preparations (6) . In superfused PV preparations ranolazine 10 mol/l effectively suppressed intracellular calcium-dependent DAD and late phase 3 early afterdepolarization-induced triggered activity (8) . Consistent with results of our in vitro experimental models of AF, ranolazine has also been shown to reduce the onset of new AF and to terminate AF in the clinic (19 -21) .
Ranolazine's antiarrhythmic action in the ventricle is thought to be due largely to its potent inhibition of late I Na , which serves to normalize abnormal repolarization encountered under pathophysiologic conditions (18) . In contrast, the anti-AF efficacy of ranolazine is ascribed to its potent atrial-selective inhibition of early I Na (6) . Although not the predominant mechanism, blockade of late I Na likely contributes to ranolazine's antiarrhythmic action in the atria. Drug combination for antiarrhythmic therapy: efficacy and safety. The concept of combining dronedarone and ranolazine in the management of AF derives from our recent demonstration of a synergetic effect of a combination of chronic amiodarone and acute ranolazine (11) . This combination was found to depress I Na -dependent parameters, thus acting to terminate and prevent the reinduction of AF in coronary-perfused canine atrial preparations as well as to suppress DAD-induced and early afterdepolarizationinduced triggered activity in PVs (11) . Ectopic activity arising from the PV has been shown to play a prominent role in the development of AF (22) . Early afterdepolarization-induced as well as DAD-induced triggered activity originating from PV sleeves has been proposed as a potential trigger in the initiation of AF (9,23,24) . When dronedarone (5 to 10 mol/l) or ranolazine (5 mol/l) is used separately, DAD-induced triggered activity is reduced but is totally abolished when the drugs are used in combination.
The rationale for the amiodarone-ranolazine combination stemmed from the observation that both agents are atrial-selective sodium-channel blockers (6, 7) and that amiodarone is a predominantly inactivated-state blocker of the sodium channel, and ranolazine is a predominantly openstate blocker (25) . Ranolazine, amiodarone, and dronedarone all display relatively rapid dissociation from the sodium channel, which contributes prominently to their atrialselective sodium channel blockade (26, 27) . We hypothesized that a combination of open-state and inactivated-state sodium-channel blockade with rapid kinetics could produce a synergistic atrial-selective sodium-channel inhibition and thus be effective against AF without producing significant electrophysiological effects in the ventricles. After validation of this hypothesis (11), we considered the combination of dronedarone and ranolazine, in that dronedarone is a congener of amiodarone with far fewer adverse effects and a similar electrophysiological profile. The results of the present study provide validation of this concept as well, presenting further evidence in support of the hypothesis that a combination of predominantly open-state and inactivatedstate blockers of the sodium channel can lead to synergistic effects to selectively inhibit I Na -dependent parameters and thus exert potent atrial-selective actions to terminate and prevent the induction and reinduction of AF ( Table 1 ). The combination of the 2 drugs is expected to act synergistically because the sodium channel is inhibited via 2 independent mechanisms. Note that although there are I Na blockers that can inhibit both open and inactivated sodium channels to a similar extent (e.g., quinidine or disopyramide), these agents cause an unfavorable shift in the balance of inward and outward currents, leading to QT prolongation, dispersion of repolarization, and ventricular proarrhythmia. The slow dissociation of these drugs from the sodium channel can also lead to a pronounced slowing of conduction, contributing to the development of ventricular arrhythmias. In contrast, ranolazine as well as amiodarone and dronedarone have rapid unbinding kinetics from the sodium channel and produce a shift in the balance of currents that does not, or very rarely, cause ventricular proarrhythmia (26, 27) .
A major concern in the pharmacological management of AF agents is the risk for the induction of ventricular arrhythmias and/or organ toxicity. Although amiodarone only rarely produces ventricular proarrhythmia and is generally safe in patients with structurally compromised ventricles, this agent causes extracardiac complications. Dronedarone, a noniodinated derivative of amiodarone, is generally considered to be safer compared with amiodarone in patients with AF (1). However, in patients with preexisting severe congestive heart failure (New York Heart Association functional class III and IV), dronedarone has been reported to worsen heart failure symptoms, leading to increased mortality (4) .
Clinical use of ranolazine, both acute and long term, has not been associated with serious adverse effects, not even in patients with structural heart disease and no reported organ toxicity (28) . The rationale for combining dronedarone and ranolazine in the present study stems from the superiority of dronedarone over amiodarone with respect to safety (1, 3) . Like the combination of amiodarone and ranolazine (11) , the combination of dronedarone and ranolazine produces potent atrial-selective anti-AF effects but is likely to be associated with fewer adverse effects and no organ toxicity. Table 2 Effects of Ranolazine (5 mol/l), Dronedarone ACh ϩ ranolazine ϩ dronedarone 60% (6/10) 100% (6/6)
Abbreviations as in Table 1 . 
